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Electroweak precision observables (EWPO) can give valuable information about the last unknown 
paramter of the Standard Model (SM), the Higgs-boson mass Mfi^K EWPO can also restrict the 
parameter space of new physics models (NPM) such as the Minimal Supersymmetric Standard Model 
(MSSM). We review the respective constraints from the W boson mass, the effective leptonic mix- 
ing angle, the anomalous magnetic moment of the muon and electric dipolc moments. Within the 
MSSM also the lightest Higgs-boson mass, M^, is discussed as a precision observable. The EWPO, 
supplemented with B physics observables and astrophysical data can be used to determine indirectly 
the preferred mass scales of Supersymmetry and Mh- 



1. Introduction 

The Standard Model (SM) [1] cannot 
be the ultimate ttieory of particle pliysics. 
While describing direct experimental data 
reasonably well, it fails to include gravity, 
it does not provide cold dark matter, and 
it has no solution to the hierarchy problem, 
i.e. it does not have an explanantion for a 
Higgs-boson mass at the electroweak scale. 
On wider grounds, the SM does not have 
an explanation for the three generations of 
fermions or their huge mass hierarchies. In 
order to overcome (at least some of) the 
above problems, many new physics mod- 
els (NPM) have been proposed in the last 
decades [2-5]. 

Theories based on Supersymmetry 
(SUSY) [2] are widely considered as the 
theoretically most appealing extension of 
the SM. They are consistent with the ap- 
proximate unification of the gauge coupling 
constants at the GUT scale and provide a 
way to cancel the quadratic divergences in 
the Higgs sector hence stabilizing the huge 
hierarchy between the GUT and the Fermi 
scales. Furthermore, in SUSY theories the 
breaking of the electroweak symmetry is 
naturally induced at the Fermi scale, and 
the lightest supersymmetric particle can be 
neutral, weakly interacting and absolutely 
stable, providing therefore a natural solu- 
tion for the dark matter problem. SUSY 



predicts the existence of scalar partners 
Jl, Jr to each SM chiral fermion, and spin- 
1/2 partners to the gauge bosons and to 
the scalar Higgs bosons. The Higgs sector 
of the Minimal Supersymmetric Standard 
Model (MSSM) with two scalar doublets 
accommodates five physical Higgs bosons. 
In lowest order these are the light and 
heavy CP-even h and H, the CP-odd A, 
and the charged Higgs bosons . Higher- 
order contributions yield large corrections 
to the masses and couplings. They can 
also induce CP-violation leading to mixing 
between h, H and A in the case of general 
complex SUSY breaking parameters. 

Other (non-SUSY) NPM comprise Two 
Higgs Doublet Models (THDM) [3], little 
Higgs models [4], or models with (large, 
warped, . . . ) extra dimensions [5]. In spe- 
cific examples given later, we will mostly 
focus on the MSSM. However, the MSSM 
should be seen as a representative for a 
NPM. The reader may insert her/his fa- 
vorite model. 

So far, the direct search for NPM par- 
ticles has not been successful. One can 
only set lower bounds of O(IOO) GeV on 
their masses [6]. The search reach will 
be extended in various ways in the ongo- 
ing Run II at the upgraded Fermilab Teva- 
tron [7]. The LHC [8,9] and the e+e" 
International Linear Collider (ILC) [10- 
12] have very good prospects for exploring 
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NPM at the TeV scale, which is favoured 
from naturalness arguments. Prom the in- 
terplay of both machines detailed informa- 
tion on many NPM can be expected in this 
case [13]. 

Besides the direct detection of NPM par- 
ticles (and Higgs bosons), physics beyond 
the SM can also be probed by precision ob- 
servables via the virtual effects of the addi- 
tional particles. Obscrvables (such as par- 
ticle masses, mixing angles, asymmetries 
etc.) that can be predicted within a certain 
model and thus depend sensitively on the 
other model parameters constitute a test 
of the model on the quantum level. Var- 
ious models predict different values of the 
same observable due to their different par- 
ticle content and interactions. This permits 
to distinguish between e.g. the SM and a 
NPM via precision observables. However, 
this requires a very high precision of the 
experimental results as well as of the theo- 
retical predictions. 

The wealth of high-precision measure- 
ments carried out at LEP, SLC and the 
Tevatron [14,15] as well as the "Muon g-2 
Experiment" (E821) [16] and further low- 
energy experiments (e.g. the search for elec- 
tric dipole moments (EDM), see below) pro- 
vide a powerful tool for testing the elec- 
troweak theory and probing indirect effects 
of NPM particles. The most relevant elec- 
trowcak precision obscrvables (EWPO) in 
this context are the W boson mass, Mw, 
the effective leptonic weak mixing angle, 
sin^ ^off , and the anomalous magnetic mo- 
ment of the muon, = {g — 2)^/2. In 
models in which a Higgs-boson mass can 
be predicted, it also constitutes a preci- 
sion observables, most notably the mass 
of the lightest CP-even MSSM Higgs bo- 
son, Mh [17]. While the current exclusion 
bounds on already allow to constrain 
the MSSM parameter space, the prospec- 
tive accuracy for the measurement of the 
mass of a light Higgs boson at the LHC of 
about 200 MeV [8,9] or at the ILC of even 
50 McV [10 -12,18] would promote Mn to a 
precision observable. 



2. Example: The W boson mass 

As a prominent example for the interplay 
of theory and experiment to perform a the- 
ory test at the quantum level serves the 
prediction of the W boson mass, Mw, in 
the SM and the MSSM. Progress has been 
achieved over the last decade in the experi- 
mental measurements as well as in the the- 
ory predictions in the SM and in the MSSM. 
The current experimental value [14,15,19, 
20] 

M^P = 80.398 ± 25 GeV (1) 

is based on a combination of the LEP re- 
sults [21,22] and the latest CDF measure- 
ment [19,20]. The experimental measure- 
ment of Mw also required substantial the- 
ory input such as cross section evaluations 
for LEP [23,24] or kinematics of W and Z 
boson decays [25] or the inclusion of initial 
and final state photons [26] at the Tevatron. 

Concerning the theory prediction, the 
W boson mass can be evaluated from 

where a is the fine structure constant and 
Gp the Fermi constant. The radiative cor- 
rections are summarized in the quantity 
Ar [27]. Within the SM the one-loop [27] 
and the complete two-loop result has been 
obtained for Mw [28-32]. The latter con- 
sists of the fermionic electroweak two-loop 
contributions [28], the purely bosonic two- 
loop contributions [29] and the QCD correc- 
tions oiO{aas) [30,31]. Higher-order QCD 
corrections are known at 0{aa1) [33,34]. 
Leading electroweak contributions of order 
0{G%asmf) and ©(Gf^mf) that enter via 
the quantity Ap [35] have been calculated 
in Refs. [36-38]. The class of four- loop con- 
tributions obtained in Rcf. [39] give rise to 
a numerically negligible effect. The predic- 
tion for Mw within the SM (or the MSSM) 
is obtained by evaluating Ar in these mod- 
els and solving Eq. (2) for Mw- 

Within the MSSM the most precise avail- 
able result for Mw has been obtained 
in Ref. [40]. Besides the full SM re- 
sult, for the MSSM it includes the full 
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set of one-loop contributions [41,42,40] as 
well as the corrections of 0{aas) [43] and 
of ©(a^ J [44,45] to the quantity Ap; 
see Ref. [40] for details. 

The experimental result and the theory 
prediction of the SM and the MSSM are 
compared in Fig. l.^The predictions within 
the two models give rise to two bands in 
the rrit-Mw plane with only a relatively 
small overlap sliver (indicated by a dark- 
shaded (blue) area in Fig. 1). The allowed 
parameter region in the SM (the medium- 
shaded (red) and dark-shaded (blue) bands) 
arises from varying the only free param- 
eter of the model, the mass of the SM 
Higgs boson, from Mf^ = 114 GeV, the 
LEP exclusion bound [46] (upper edge of 
the dark-shaded (blue) area), to 400 GeV 
(lower edge of the medium-shaded (red) 
area). The light shaded (green) and the 
dark-shaded (blue) areas indicate allowed 
regions for the unconstrained MSSM, ob- 
tained from scattering the relevant param- 
eters independently [40]. The decoupling 
limit with SUSY masses of 0(2 TeV) yields 
the lower edge of the dark-shaded (blue) 
area. Thus, the overlap region between the 
predictions of the two models corresponds 
in the SM to the region where the Higgs bo- 
son is light, i.e. in the MSSM allowed region 
[Mh < 135 GeV [47,48]). In the MSSM it 
corresponds to the case where all superpart- 
ners are heavy, i.e. the decoupling region of 
the MSSM. The current 68 and 95% C.L. 
experimental results for [49], 

mfP = 170.9 ± 1.8 GeV, (3) 

and Mw are indicated in the plot. As 
can be seen from Fig. 1, the current exper- 
imental 68% C.L. region for mt and Mw 
exhibits a slight preference of the MSSM 
over the SM; only at the 95% C.L. the ex- 
perimental values enter the SM parameter 
space. This example indicates that the ex- 
perimental measurement of Mw in com- 
bination with mt prefers within the SM a 
relatively small value of Mf^, or with the 
MSSM not too heavy SUSY mass scales. 

^The plot shown here is an update of 
Refs. [41,17,40]. 
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Figure 1. Prediction for Mw in the MSSM 
and the SM (see text) as a function of mt in 
comparison with the present experimental 
results for Mw and mt [40]. 



3. The anomalous magnetic moment 
of the muon 

Another important EWPO which is im- 
portant in the context of precision tests 
of the clcctroweak theory is the anoma- 
lous magnetic moment of the muon, = 
{g — 2)^/2. For the interpretation of the 
results in the context of a NPM the current 
status of the comparison of the SM predic- 
tion with the experimental result is crucial, 
see Refs. [50-54] for reviews, is related 
to the photon-muon vertex function T^^ap 
as follows: 

-"(pOr^/iAp {p, -p\ q)u{p) 
= u{p')[^pFv{q^) (4) 

+ {p + p')pFM{q^) + ■ ■ ■]u{p), 

= -2m^FM{0). (5) 

The SM prediction for the anomalous 
magnetic moment of the muon depends 
on the evaluation of QED contributions 
(see Refs. [55,56] for recent updates), the 
hadronic vacuum polarization and light-by- 
light (LBL) contributions. The former have 
been evaluated in Refs. [54,57,58] and the 
latter in Refs. [59-61]. The evaluations of 
the hadronic vacuum polarization contri- 
butions using e+e~ and r decay data give 
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somewhat different results. In view of the 
fact that recent e+e~ measurements tend 
to confirm ear Her results, whereas the cor- 
respondence between previous r data and 
preliminary data from BELLE is not so 
clear, and also in view of the additional 
uncertainties associated with the isospin 
transformation from r decay, nowadays the 
T results are usually discarded. This gives 
an estimate based on e+e~ data [58]: 



.^theo 



= (11 659 180.5 ±4.4had±3.5LBL 



±0.2qed+ew) X 10 



-10 



(6) 



where the source of each error is la- 
beled. We note that the new e+e" data 
sets that have recently been published 
in Refs. [62- 64] have been partially in- 
cluded in the updated estimate of {g — 2)^, 
see also Ref. [65]. 

The SM prediction is to be compared 
with the final result of the Brookhaven 
{g — 2)n experiment E821 [16], namely: 

o^'^P = (11 659 208.0 ± 6.3) x 10"^°, (7) 

leading to an estimated discrepancy [58,66] 



,tho 



= (27.5 ±8.4) X 10- 



-10 



(8) 



equivalent to a 3.3-C7 effect^. While it would 
be premature to regard this deviation as a 
firm evidence for new physics, it should be 
noted that this more than 3 a effect has now 
firmly been established. 

Taking the MSSM as an example to ex- 
plain the 3.3 cr effect, the one-loop (and 
higher-order corrections) have to be eval- 
uated. The complete one-loop contribu- 
tion to can be devided into contributions 
from diagrams with a smuon-neutralino 
loop and with a sneutrino-chargino loop, 
see Fig. 2, leading to 



SUSY.IL 



(9) 



The coupling of an external muon to the 
SUSY particles is enhanced by tan /3, which 
can range from 2 to 60. This can 



^Three other recent evaluations yield slightly dif- 
ferent numbers [53,54,57], but similar discrepancies 
with the SM prediction. 




Figure 2. The generic one-loop diagrams 
for the MSSM contribution to a^: diagram 
with a sneutrino-chargino loop (left) and 
the diagram with a smuon-neutralino loop 
(right). 



lead to a strong enhancement of the MSSM 
one-loop diagrams in comparison with the 
corresponding SM one-loop electroweak di- 
agrams, despite the fact that the masses of 
the SM particles involved are lighter than 
the SUSY mass scales. The full one-loop 
expression can be found in Ref. [67], see 
Ref. [68] for earlier evaluations. If all SUSY 
mass scales are set to a common value, 



A^susY = m^± = 
result is given by 



rriyo = rrijx = rriij , the 



,SUSY,1L 



13 X 10 
X tan /3 sign(/i) . 



10 , 100 Gcvy 



(10) 



Obviously, supersymmetric effects can eas- 
ily account for a (20 . . . 40) x 10"-^" devia- 
tion, if jjL is positive and Msusy lies roughly 
between 100 GeV (for small tan/3) and 600 
GeV (for large tan/3). On the other hand, 
demanding that SUSY fulfills Eq. (8) at the 
two or three a level, Eq. (10) shows that the 
{g — '2)fj_ measurement places strong bounds 
on the supersymmetric parameter space. 

In addition to the full one-loop contri- 
butions, the leading QED two- loop correc- 
tions have also been evaluated [69] . Further 
corrections at the two-loop level have been 
obtained [70,71], leading to corrections to 
the one-loop result that are ^ 10%. These 
corrections are taken into account in the ex- 
amples shown below. 

Concerning other NPM, the generic size 
of the new contribution to ttfj, is roughly 
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Figure 3. Scan over the MSSM parame- 
ter space for a^^^^, including all available 
one- and two-loop contributions, as a func- 
tion of the lightest observables particle (the 
lightest p. or X2 or xf) [52]. The hght 
(yellow) shaded region is all data, the dark 
(red) shaded region has all second gener- 
ation sleptons heavier than 1 TeV. The 
upper plot shows the current experimen- 
tal deviation at the one (shaded stip) or 
two (dashed lines) a level. The lower plot 
shows the full result for a^^^^ (full area) 
and the one-loop result only (dashed lines). 
Here the shaded strip corresponds to an an- 
ticipated future accuracy of 4 x 10~^° (see 
text). 



Thus, the generic NPM contribution is usu- 
ally too small to explain the 3.3 a effect 
in Eq. (8). The advantanges of SUSY are 
the tan (3 enhancement of the muon cou- 
pling to SUSY particles and the fact that 
relatively light SUSY particles with masses 
> 100 GeV are experimentally allowed. 

In Fig. 3 we show the results of an 
MSSM parameter scan for a^, including 
all available one- and two-loop contribu- 
tions, as a function of the lightest ob- 
servables particle (the lightest /i or X2 o^' 
xf ) [52]. The light (yellow) shaded region 
is all data, the dark (red) shaded region 
has all second generation sleptons heavier 
than 1 TeV. In the lower plot of Fig. 3 
the prediction of the one-loop result only 
is indicated by the dashed lines. It can be 
clearly seen that making the smuons and 
charginos/neutralinos heavy suppresses the 
one-loop diagrams shown in Fig. 2. In this 
case the two-loop contribution become im- 
portant [70,71]. The upper plot shows the 
current one (shaded stip) or two (dashed 
lines) a results according to Eq. (8). It can 
be clearly seen that demanding agreement 
of the MSSM contribution with the current 
experimental result imposes strong restric- 
tions on the parameter space. 

A new {g — 2)^ experiment has been pro- 
posed, see Ref. [72] and references therein. 
Together with further improvement on the 
theory side, the error of a°^P — a*j^°° could 
be decreased to the level of 4 x 10~^° [52, 
72]. The effect of this anticipated fu- 
ture precision can be seen in the lower 
plot of Fig. 3, assuming the current cen- 
tral deviation. The restrictions on the 
MSSM parameter space would become very 
strong. The case with heavy smuons and 
charginos/neutralinos could only be real- 
ized using the SUSY prediction at the two- 
loop level [70,71]. 



given in in terms of the NPM mass scale 
Mnpm [52], 



„NPM ^ 1 , lO-.o ^300 GeVy (H) 



\ Mnpm / 



4. Electric Dipole Moments 

A different way for probing NPM is 
via their contribution to EDMs of heavy 
quarks, of the electron and the neutron 
or neutral atoms. Some present limits are 
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summarized in Tab. 1, see Ref. [73] for a re- 
view. Improvements of the sensitivities of 
0(10^ — lO'^) can be expected from ongoing 
and future experiments, see Ref. [77] (and 
references therein). 
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Figure 4. Generic SUSY diagram contribut- 
ing to the EDM of the neutron. 



5. EWPO in the SM 



While SM contributions start only at the 
three-loop level [78], due new complex pa- 
rameters NPM can contribute already at 
one-loop order [79]. Taking the MSSM with 
complex parameters (cMSSM) as a specific 
example, the respective calculations can be 
found for heavy quarks in Ref. [80], for the 
electron and the neutron in Refs. [81,82] 
and references therein. Recent reviews con- 
cerning the EDMs in the cMSSM are given 
in Refs. [81,83,84]. 

A generic SUSY diagram is given in 
Fig. 4 yielding a contribution to the EDM 
of the neutron, (i„, as [85] 
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where is the mass of the down quark, 
rrig denotes the gluino mass, and fi is the 
Higgs mixing parameter with its phase Op,. 
Also the leading two-loop corrections for 
the electron and neutron EDMs are avail- 
able [82,86]. Large phases in the first two 
generations of (s)fermions can only be ac- 
comodated if these generations are assumed 
to be very heavy [87] or large cancellations 
occur [88], see however the discussion in 
Ref. [83]. EDMs thus place already strong 
bounds on the size of the complex phases of 
the cMSSM (see e.g. Ref. [89]) and have to 
be taken into account in any related phe- 
nomenological analysis. 



Within the SM the EWPO have been 
used to constrain the last unknown param- 
eter of the model, the Higgs-boson mass 
Mfj^. Originally the EWPO comprise over 
thousand measurements of "realistic ob- 
servables" (with partically correlated un- 
certainties) such as cross sections, asymme- 
tries, branching ratios etc. This huge set 
is reduced to 17 so-called "pseudo observ- 
ables" by the LEP [14] and Tevatron [15] 
Electroweak working groups. The "pseudo 
observables" (again called EWPO in the 
following) comprise the W boson mass Mw 
(see Sect. 2), the width of the W boson, 
Tw, as well as various Z pole observables: 
the effective weak mixing angle, sin^ 9 eg, 
Z decay widths to SM fermions, r{Z 
ff), the invisible and total width, Fjnv 
and Tz, forward-backward and left-right 
asymmetries, A^^ and A(^^, and the total 
hadronic cross section, cr^^^- The Z pole 
results including their combination are fi- 
nal [22]. Experimental progress from the 
Tevatron comes for Mw and to*. (Also the 
error combination for Myy and Tyy from the 
four LEP experiments has not been final- 
ized yet due to not-yet-final analyses on the 
color-reconnection effects.) 

The EWPO that give the strongest con- 
straints on Mf^ are M. 



Apg and Al^. 



The value of sin 9eS is extracted from 
a combination of various A^^ and ^lj^, 
where Ap^ and Af^^ give the dominant con- 
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tribution. 

The one-loop contributions to Ar (i.e. to 
Miy , see Eq. (2)) can be decomposed as fol- 
lows [27], 

Ari_ioop = Aa-4^/^+^^-m(M|'')-(13) 

The first term, Aa contains large loga- 
rithmic contributions as log(M2/m/) and 
amounts ^ 6%. The second term con- 
tains the p parameter [35], being Ap ~ ml 
(with 4 = M^/Ml, 4 = 1- cl). This 
term amounts ~ 3.3%. The final term in 
Eq. (13) is Ar,em ^ \og{Mf^/Mw), and 
with a size of '--^ 1% correction yields the 
constraints on . The fact that the 

leading correction involving is loga- 

rithmic also applies to the other EWPO. 
Starting from two-loop order, also terms 
~ [M^/Mw? appear. The SM predic- 
tion of Mw as a function of rrit for the range 
Mf^ = 114 GeV . . . 1000 GcV is shown as 
the dark shaded (green) band in Fig. 5 [14]. 
The upper edge with = 114 GeV cor- 

responds to the lower limit on Mf^ ob- 
tained at LEP [46]. The prediction is com- 
pared with the direct experimental result 
(dotted/blue ellipse) and with the indirect 
results for M^/ and TOj as obtained from 
EWPO (solid/red ellipse). Consistent with 
Fig. 1 the direct experimental result at the 
68% C.L. does not enter the SM prediction, 
i.e. low SM Higgs boson masses, 
44 GeV [90] , are preferred by the measure- 
ment of Mw and mt. 

The effective weak mixing angle is eval- 
uated from various asymmetries and other 
EWPO as shown in Fig. 6 [20]. The average 
determination yields sin^ B^s = 0.23153 ± 
0.00016 with a xVd.o.f of 11.8/5, cor- 
responding to a probabihty of 3.7% [20]. 
The large is driven by the two sin- 
gle most precise measurements, by 
SLD and by LEP, where the earlier 

(latter) one prefers a value of Mfl^ ~ 
32(437) GeV [90]. The two measurements 
differ by more than 3 a. The averaged 
value of sin^ Ocs, as shown in Fig. 6, prefers 
- 110 GeV [90]. 

The indirect Mf}^ determination for sev- 
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Figure 5. Prediction for Mw in the SM 
as a function of mt for the range 
114 GeV . . . 1000 GeV [14]. The prediction 
is compared with the present experimental 
results for Mw and mt as well as with the 
indirect constraints obtained from EWPO. 



eral individual EWPO is given in Fig. 7. 
Shown are the central values of M^ and 
the one a errors [14]. The dark shaded 
(green) vertical band indicates the combi- 
nation of the various single measurements 
in the 1 a range. The vertical line shows the 
lower LEP bound for Mf^ [46]. It can be 
seen that Mw , and Ap^ give the most 
precise indirect Mf^ determination, where 
only the latter one pulls the preferred Mf^ 
value up, yielding a averaged value of [14] 

A-fSM ^ 76+33 ^ ^^4) 

still compatible with the direct LEP bound 
of [46] 

Mfi^^ > 114.4 GeV at 95% C.L. (15) 

Thus, the measurement of Ap^ prevents the 
SM from being incompatible with the di- 
rect bound and the indirect constraints on 

Finally, in Fig. 8 [14] we show the re- 
sult for the global fit to Mfl^ including 
all EWPO. Ax^ is shown as a function 



8 



A|(SLD) 



Average 



CD 

(3 



^ 10 ' 
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Figure 6. Prediction for sin 6eS in the 
SM as a function of Mff^ for rrit = 
170.9 ± 1.8 GeV and Aa^^^ = 0.02758 ± 
0.00035 [20]. The prediction is compared 
with the present experimental results for 
sin^ 6'cff as averaged over several individual 
measurements. 



of Mf^, yielding Eq. (14) as best fit with 
an upper limit of 144 GeV at 95% C.L. 
This value increases to 182 GeV if the di- 
rect LEP bound of Eq. (15) is included in 
the fit. The theory (intrinsic) uncertainty 
in the SM calculations (as evaluated with 
TOPAZO [91] and ZFITTER [92]) are repre- 
sented by the thickness of the blue band. 
The width of the parabola itself, on the 
other hand, is determined by the experi- 
mental precision of the measurements of the 
EWPO and the input parameters. 

The current and anticipated future ex- 
perimental uncertainties for sin^^cff, Myy 
and rrit are summarized in Tab. 2. Also 
shown is the relative precision of the indi- 
rect determination of Mf^ [20]. Each col- 
umn represents the combined results of all 
detectors and channels at a given collider, 
taking into account correlated systematic 
uncertainties, see Refs. [93-96] for details. 
The indirect Mf^ determination has to be 



A|(SLD) 



gt(vN) 



I 



1 

'preliminary | 



1 O 

LGeV] 



Figure 7. Indirect constrains on Mf^ 
from various EWPO. Shown are the cen- 
tral values and the one a errors [14]. The 
dark shaded (green) vertical band indicates 
the combination of the various single mea- 
surements in the 1 a range. The verti- 
cal line shows the lower bound of Alf^^ > 
114.4 GeV obtained at LEP [46]. 



compared with the (possible) direct mea- 
surement at the LHC [8,9] and the ILC [10- 
12,18], 



^^^SM,oxp,LHC 
j^^^M,cxp,ILC 



200 MeV, 
50 MeV. 



(16) 
(17) 



This comparison will shed light on the basic 
theoretical components for generating the 
masses of the fundamental particles. On 
the other hand, an observed inconsistency 
would be a clear indication for the existence 
of a new physics scale. 
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[GeV] 

Figure 8. Ax^ curve derived from all 
EWPO measured at LEP, SLD, CDF and 
DO, as a function of Mf^^, assuming the SM 
to be the correct theory of nature [14]. 



6. EWPO in the MSSM 

As compared to the SM there are new 
additional contributions to EWPO in the 
MSSM that can be sizable: 

1. While in the SM the leading correc- 
tions to e.g. the p parameter (i.e. to 
gauge boson self-energies) arise from 
t/b loops, in the MSSM large correc- 
tions can arise from t/b loops {V = 



t,h i~b 




2. New CT'- violating effects can arise 
from new complex parameters, see 
Sect. 4. 

3. Yukawa corrections ~ mf log ^ "''^T'^ 
can give large contributions. 

4. Corrections from the b/b sector are 
enhanced by tan/3 and can become 
sizable, see also Sect. 3. 





now 


Tevatron 


LHC 


Ssin^ 6'eff(xlO'5) 


16 




14-20 


SMw [MeV] 


25 


20 


15 


5mt [GeV] 


1.8 


1.2 


1.0 


5M%^/M%^ [%] 


37 




28 




ILC 


ILC with GigaZ 


Ssin^ 6icff(xlO^) 




1.3 


SMw [MeV] 


10 


7 


Smt [GeV] 


0.2 


0.1 


SMf^/Mf" [%] 




16 



Table 2 



Current and anticipated future experimen- 
tal uncertainties for sin^^eff, Mw and m*. 
Also shown is the relative precision of the 
indirect determination of Mf^ [20]. Each 
column represents the combined results of 
all detectors and channels at a given col- 
lider, taking into account correlated sys- 
tematic uncertainties, see Refs. [93-96] for 
details. 



5. In general SUSY corrections are rel- 
evant if the new mass scales are 
(relatively) small. On the other 
hand, non-decoupling SUSY effects 
~ log ^"^j"^^"^ can become important 
for large values of MgusY- 

The example of the W boson mass has 
been discussed in Sect. 2. In the same spirit 
also the sin^ 9ea has been evaluated in the 
MSSM and compared to the SM predic- 
tion [97]. A parameter scan similar to the 
one shown in Fig. 1 reveals no preference 
for either model. This result, as the not too 
low best-fit value for Mff^ is largely driven 
by the measurement of A\.^ , while ^Lp^ has 
a clear preference for the MSSM prediction. 

Another EWPO in the MSSM is the mass 
of the lightest Higgs boson, Mh- In the 
MSSM two Higgs doublets are required, re- 
sulting in five physical Higgs bosons: the 
light and heavy CP-even h and H, the CP- 
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odd A, and the charged Higgs bosons i?^. 
The Higgs sector of the MSSM can be ex- 
pressed at lowest order in terms of Mz, 
Ma and tan/3. All other masses and mix- 
ing angles can therefore be predicted. At 
the tree-level this leads to the prediction 
of Ml'^"" < Mz. However, the tree-level 
bound on Mh, being obtained from the 
gauge couplings, receives large corrections 
from SUSY-breaking effects in the Yukawa 
sector of the theory. The leading one-loop 
correction is proportional to . The lead- 
ing logarithmic one-loop term (for vanish- 
ing mixing between the scalar top quarks) 
reads [98] 

V2 TT^ sm^ (3 \ mf J 

Corrections of this kind have drastic effects 
on the predicted value of Mh and many 
other observables in the MSSM Higgs sec- 
tor. The one- loop corrections can shift M^. 
by 50-100%. In this way the MSSM Higgs 
sector, and especially M^, depend sesitively 
on the other MSSM paramters; will be 
the most powerful precision observable in 
the MSSM. 

The status of higher-order corrections to 
the masses (and the mixing) in the Higgs 
sector of the MSSM^ is quite advanced. 
The complete one-loop result within the 
MSSM is known [98,101-103]. The by 
far dominant one-loop contribution is the 
0{at) term due to top and stop loops {at = 
/ij/(47r), ht being the top-quark Yukawa 
coupling). The computation of the two- 
loop corrections has meanwhile reached a 
stage where all the presumably dominant 
contributions are available [47,104 -110], see 
Refs. [48,17] for reviews. In particular, the 
0{atas), 0(q;|), 0{abas), 0{atab) and 
0{al) contributions to the self-energies are 
known for vanishing external momenta. For 
the (s)bottom corrections, which are mainly 
relevant for large values of tan/3, an all- 
order resummation of the tan /3-enhanced 
term of 0{ab{as tan/3)") is performed [111, 

^We concentrate here on the case with real 
paramters. For complex parameters see 

Refs. [99,100] and references therein. 



112]. The remaining theoretical uncer- 
tainty on the lightest CP-even Higgs bo- 
son mass has been estimated to be below 
^ 3 GeV [48,17,113]. The above calcula- 
tions have been implemented into public 
codes. The program FeynHiggs [47,48,99, 
114] is based on the results obtained in the 
Feynman-diagrammatic (FD) approach and 
includes all the above corrections. The code 
CPsuperH [115] is based on the renormal- 
ization group (RG) improved effective po- 
tential approach. Most recently a full two- 
loop effective potential calculation (includ- 
ing even the momentum dependence for the 
leading pieces and the leading three-loop 
corrections) has been published [116]. How- 
ever, no computer code is publicly available. 

While a precise knowledge of rrit is impor- 
tant for Mw, sin^ ^off, . . . , it is crucial for 
Mh, see also Ref. [117]. Due to the strong 
dependence of Mh on rrit, see Eq. (18), by 
numerical coincidence 



theo , 



1 



(19) 



holds [118]. Thus already the LHC preci- 
sion for Mh, Eq. (16), requires the ILC pre- 
cision for mt, see Tab. 2. (More examples 
of such LHC/ILC interplay can be found in 
Ref. [13].) 

7. EWPO in the CMSSM 

In order to achieve a simplification of 
the plethora of soft SUSY-breaking param- 
eters appearing in the general MSSM, one 
assiimption that is frequently employed is 
that (at least some of) the soft SUSY- 
breaking parameters are universal at some 
high input scale, before renormalization. 
One model based on this simplification is 
the constrained MSSM (CMSSM), in which 
all the soft SUSY-breaking scalar masses 
mo are assumed to be universal at the GUT 
scale, as are the soft SUSY-breaking gaug- 
ino masses mi/2 fiiid trilinear couplings Aq. 
Further parameters are tan/3 and the sign 
of the Higgs mixing parameter /z. Since the 
low-scale parameters in this scenario arc de- 
rived from a small set of input quantities, 
it is meaningful to combine various exper- 
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imental constraints. The EWPO can be 
supplemented with B physics observables 
(BPO) and astrophysical resuhs such as the 
cold dark matter (CDM) abundance. 

As an example we show the prediction for 
Mw in the CMSSM [119]. The parameter 
points are chosen such that they yield the 
correct value of the CDM density inferred 
from WMAP and other data, namely [120] 



0.094 < ncDuh^ < 0.129. 



(20) 

The fact that the density is relatively well 
known restricts the SUSY parameter space 
to a thin, fuzzy 'WMAP hypersurface' [121, 
122], effectively reducing its dimensionality 
by one. The analysis has been performed on 
'WMAP lines' in the {iTii/2,mQ) planes for 
discrete values of the other SUSY parame- 
ters: tan/3 = 10,50 and = 0,±1,±2 x 
mi/2. In Fig. 9 the CMSSM prediction for 
M]Y is shown as a function of TOi/2- The 
center (solid) line is the present central ex- 
perimental value, and the (solid) outer lines 
show the current ±l-a range. The dashed 
lines correspond to the full error including 
also parametric and intrinsic uncertainties. 
One can see in that the variation with Aq 
is relatively weak for both values of tan /?. 
The best results are obtained for low toi/2, 
while large values lead to a ~ 1.5 cr devia- 
tion (corresponding to the SM limit). 

In Ref. [119] five EWPO {Mw, siii^ees, 
Tz, (g - 2)^ and Ah) and four BPO 
(BR(6 ^ S7), BR{B, m+M"), BR(S„ ^ 
tvt) and AMbJ are used to perform a 
analysis. For Mh and BR(i3s — ^ /i^/i^) no 
experimental obervation but the full experi- 
mental exclusion bounds (as translated into 
X^) have been used. Within the CMSSM 
the lightest Higgs boson has SM-like pro- 
duction and decay properties [123,124], and 
the SM results [46] can be used. The other 
parameters are rrit — 171.4 ± 2.1 GeV and 
mb{mi,) = 4.25 ± 0.11 GeV, and mo is cho- 
sen to yield the central value of the cold 
dark matter density indicated by WMAP 
and other observations for the central val- 
ues of rrit and mb{m},). The total x^ as a 
function of mi/2 is shown in Fig. 10. One 
can see a global minimum of x^ ^ 4.5 for 





CMSSM, n > 0, m, = 171 .4 GeV 
. tanp - 10, = 
. tanp - 10, A„ = +m|,2 
o lanp - 10, A„ = -m„2 

ian|i - 1 0, Aq = +2 m,,2 

tanp - 10, A„ = -2 m^^ 




' 







400 600 
m,,2 [GeV] 



CMSSM. > 0, m, - 171.4 GeV 
tan^ = 50, = 
tanjJ = 50, 
tanp = 50, 
tanp = 50, 
tanp = 50, 



= +2 tt 

A„ - -2 m 



200 400 600 800 1000 1200 1400 1600 1800 2000 
m^^g [GeV] 



Figure 9. The CMSSM predictions for 
M\Y are shown as functions of mi/2 along 
the WMAP strips for tan/3 = 10 (upper) 
and tan/3 = 50 (lower plot) for various 
^0 values [119]. In each panel, the center 
(solid) line is the present central experimen- 
tal value, and the (solid) outer lines show 
the current ztl-cr range. The dashed lines 
correspond to the full error including also 
parametric and intrinsic uncertainties. 



both values of tan /3. This is quite a good fit 
for the number of experimental observables 
being fitted. Such a preference for not too 
heavy SUSY particles has also been found 
in several other analyses [125-128], see also 
Refs. [129,130]. 

The mi/2-x^ relation can be translated 
into a prediction of SUSY masses. As 
an example Fig. 11 shows the mass of the 
lighter f together with the corresponding 
X^ value [119]. For tan/3 = 10(50) the 
preferred value is fi w 150(250) GeV. In 
this way the EWPO analysis offers good 
prospects for the LHC and the ILC and 
possibly even for the Tevatron. In a sim- 



12 



-171.4 GeV- 



0=10, 
0=10, 



200 400 600 800 

[GeV] 



- ' 


























CMSSM, M > 0. m, = 171 -4 


■J 
«• 


• tanp = 1 0, = 




. tanp = 10, = +m,,g 




o tanp = 10, Aq = -m,,2 




. tanp = 10, Aq = +2 rn,,3 




tanp = 10, Aji = -2 m^^^ 







400 600 

[GeV] 




CMSSM, 


I > 0. m, = 17 


tanp = 50 


= 


tanp = 50 




tanp = 50 




tanp = 50 


Aj, = +2 m^,2 


tanp = 50 




000 1200 


1400 1600 


2 [GeV] 





171.4GeV- 




800 1000 1200 1400 1600 1800 2000 
m~ [GeV] 



Figure 10. The combined function for 
the EWPO Mw, sin^^efi-, T^, (5 - 2),,, 
Mh, and the BPO BR(6 -> 37), BR(B5 -> 
fi^^^), BR(i?„ — > Ti^r) and AMb^, evalu- 
ated in the CMSSM for tan /? = 10 (upper) 
and tan/3 = 50 (lower plot) for various dis- 
crete values of ^0 [119]. 



ilar way also Mh with its corresponding 
can be analyzed. The LEP limit of 
114.4 GeV as a lower bound and the up- 
per bound of M^MSSM < ^27 GeV [17,131] 
naturally squeeze the prediction into 
this interval. More interesting is the case 
where the lower LEP bound is left out. In 
this case, using four EWPO, four BPO and 
the CDM constraint a best-fit value for Mh 
of ~ 110 . . . 115 GeV (depending on tan/3) 
was obtained [119]. This is substantially 
higher than the SM result of Eq. (14). 

A fit as close as possible to the SM fit 
for Mf^ (resulting in Fig. 8) has been per- 
formed in Ref. [128]. Ah EWPO as in the 
SM [14] (except Tw , which has a minor im- 
pact) were included, supplemented by the 
CDM constraint in Eq. (20), the {g - 2)^ 



Figure 11. The mass of the lighter f with 
its values [119]. 



results in Eq. (8) and the BR(6 57) con- 
straint. The is minimized with respect 
to all CMSSM parameters for each point 
of this scan. Therefore, Ax^ — 1 repre- 
sents the 68% confidence level uncertainty 
on Mh- Since the direct Higgs boson search 
limit from LEP is not used in this scan the 
lower bound on Mh arises as a consequence 
of indirect constraints only, as in the SM fit. 

In the left plot of Fig. 12 [128] the Ax^ is 
shown as a function of Mh in the CMSSM. 
The area with Mh > 127 is theoretically 
inaccessible, see above. The right plot of 
Fig. 12 shows the red band parabola from 
the CMSSM in comparision with the blue 
band parabola from the SM. There is a well 
defined minimum in the red band parabola, 
leading to a prediction of [128] 

^CMSSM ^ (exp)±3 (th) GeV, (21) 

where the first, asymmetric uncertainties 
are experimental and the second uncer- 
tainty is theoretical (from the unknown 
higher-order corrections to Mh [48,17]). 




200 



Mh [GeV] MHiggs [GeV] 

Figure 12. Left: Scan of the lightest Higgs boson mass versus Ax^- The curve is the result 
of a CMSSM fit using all of the available constraints (see text). The direct limit on Mh 
from LEP [46,132] is not included. The red (dark gray) band represents the total theoretical 
uncertainty from unknown higher-order corrections, and the dark shaded area on the right 
above 127 GeV is theoretically inaccessible (see text). Right: Scan of the Higgs boson mass 
versus /S.x^ for the SM (blue/light gray), as determined by [14] using all available electroweak 
constraints, and for comparison, with the CMSSM scan superimposed (red/dark gray). 



The fact that the minimum in Fig. 12 is 
sharply defined is a general consequence 
of the MSSM, where the neutral Higgs 
boson mass is not a free parameter as 
described above. The theoretical up- 
per bound Mh < 135(127) GeV in the 
(C)MSSM explains the sharper rise of the 
Ax^ at large Mh values and the asymmetric 
uncertainty. In the SM, is a free pa- 

rameter and only enters (at leading order) 
logarithmically in the prediction of the pre- 
cision observables. In the (C)MSSM this 
logarithmic dependence is still present, but 
in addition Mh depends on rrit and the 
SUSY parameters, mainly from the scalar 
top sector. The low-energy SUSY parame- 
ters in turn are all connected via RGBs to 
the GUT scale parameters. The sensitivity 
on Mh in the analysis of Ref. [128] (and also 
of Ref. [119]) is therefore the combination 
of the indirect constraints on the four free 
CMSSM parameters and the fact that Mh is 
directly predicted in terms of these param- 
eters. This sensitivity also gives rise to the 
fact that the fit result in the CMSSM is less 
affected by the uncertainties from unknown 
higher-order corrections in the predictions 
of the electroweak precision observables. 



While the theoretical uncertainty of the 
CMSSM fit (red/dark gray band in Fig. 12) 
is dominated by the higher-order uncertain- 
ties in the prediction for Mh, the theoretical 
uncertainty of the SM fit (blue/light gray 
band in Fig. 12) is dominated by the higher- 
order uncertainties in the prediction for the 
effective weak mixing angle, sin^ 0ofr [133]. 
The most striking feature is that even with- 
out the direct experimental lower limit from 
LEP of 114.4 GeV the CMSSM prefers a 
Higgs boson mass which is quite close to 
and compatible with this bound. From the 
curve in Fig. 12, the value of the at the 
LEP limit corresponds to a probability of 
20% (including theoretical errors in the red 
band). This probability may be compared 
with the SM with a 12% probabihty at 
the LEP limit (including theoretical errors 
from the blue band). 
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